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Abstract 

The causes of the current global decline in honey bee health are unknown. One major group of hypotheses invokes the 
pesticides and other xenobiotics to which this important pollinator species is often exposed. Most studies have focused on 
mortality or behavioral deficiencies in exposed honey bees while neglecting other biological functions and target organs. 
The midgut epithelium of honey bees presents an important interface between the insect and its environment. It is 
maintained by proliferation of intestinal stem cells throughout the adult life of honey bees. We used caged honey bees to 
test multiple xenobiotics for effects on the replicative activity of the intestinal stem cells under laboratory conditions. Most 
of the tested compounds did not alter the replicative activity of intestinal stem cells. However, colchicine, methoxyfenozide, 
tetracycline, and a combination of coumaphos and tau-fluvalinate significantly affected proliferation rate. All substances 
except methoxyfenozide decreased proliferation rate. Thus, the results indicate that some xenobiotics frequently used in 
apiculture and known to accumulate in honey bee hives may have hitherto unknown physiological effects. The nutritional 
status and the susceptibility to pathogens of honey bees could be compromised by the impacts of xenobiotics on the 
maintenance of the midgut epithelium. This study contributes to a growing body of evidence that more comprehensive 
testing of xenobiotics may be required before novel or existing compounds can be considered safe for honey bees and 
other non-target species. 
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Introduction 

The western honey bee, Apis mellifera (L), is the most important 
managed pollinator worldwide and provides economically impor- 
tant pollination services in natural and agricultural ecosystems 
[1,2]. Despite their significance to agriculture, the number of 
managed honey bee colonies in the United States has declined 
over the past decades [3]. Since 2006, severe annual losses have 
been reported by beekeepers in conjunction with declining honey 
bee health and a syndrome of collapsing colonies that accounts for 
some of these losses [4,5]. This colony collapse syndrome is 
characterized by the rapid disappearance of adult worker honey 
bees, arguing for research on adult honey bee health. 

The causes of the observed decline in honey bee health are 
poorly understood [5,6]. Presumably, these causes are complex 
and heterogeneous with multiple, potentially interacting contrib- 
utors [7,8,9]. Novel pathogens such as Israeli acute paralysis virus 
and combinations of parasites and pathogens have been associated 
with declining honey bee health in laboratory studies [10] and 
large-scale surveys [11,12]. General management stress reflecting 
changes in beekeeping practices and inadequate nutrition may also 
play important roles [13,14]. Additionally, pesticides and other 
xenobiotics have been associated with mass killings of honey bees 
[15], and novel compounds, formulations, and applications may 
contribute to recent declines in honey bee health [16,17,18]. 



Honey bees are exposed to a large number of xenobiotics, some 
of which accumulate in their hives [16,18]. Over 120 pesticides 
and metabolites have been identified to enter the hive with 
returning foragers or as a result of direct application by beekeepers 
[19,20]. This large number is concerning because substances can 
harm honey bee health via synergistic interactions [16,21,22]. 
Modern systemic insecticides are incorporated into all plant parts, 
including the pollen and nectar that honey bees collect [23]. 
Through food-storage and -sharing these substances are distrib- 
uted throughout the hive although substances that are direcdy 
applied to the hive, such as the miticides coumaphos and 
fluvalinate, are typically found in higher concentrations 
[18,21,24]. 

Field-relevant concentrations of some pesticides not only kill 
honey bees but also produce sublethal effects detectable as 
behavioral deficiencies [25,26,27,28], shortened lifespan [29,30], 
or increased susceptibility to diseases [8,31,32]. Because many 
pesticides target the nervous system, tests of sublethal effects on 
honey bees have concentrated primarily on behavior and direct 
measures of neuronal activities [33,34]. Sublethal effects on other 
functions and organs have been rarely studied, although pesticides 
and other xenobiotics are known to affect several physiological 
functions. For example, compromised hypopharyngeal gland 
development caused by exposure of nurse bees to four different 
pesticides [35] can be linked to decreased brood production at the 
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colony level [36]. Exposure of the midgut epithelium of honey bee 
larvae to sublethal concentrations of a broad range of pesticides 
resulted in increased apoptosis [37]. Both of these observations 
predict smaller colony sizes that eventually translate into reduced 
colony survival [38]. Neither of these studies, however, directly 
addresses the topic of sublethal physiological effects in adult 
workers. This gap in the literature is significant given a context of 
colony coUapse without reduced brood production [9]. 

The digestive system is a critical organ for honey bee health 
because it is the site of contact with many pathogens and 
xenobiotics [39,40]. The midgut epithelium is for many pathogens 
the principal barrier to invasion of the honey bee host, and it is the 
main site for establishment of other pathogens, such as Nosema sp. 
[41]. Additionally, the midgut epithelium is responsible for 
detoxification of ingested xenobiotics [42] , and some insecticides 
specifically target the midgut epithelium [40,43]. Damage to the 
midgut epithelium of honey bees has also been reported as a 
consequence of acute exposure to the insecticides malathion, 
deltamethrin, and thiamethoxam [44]. This spatial overlap 
between immunity and detoxification may facilitate synergistic 
interactions between pesticides and pathogens to the detriment of 
honey bee health [7,39]. 

The midgut epithelium is the only tissue of adult honey bees 
that exhibits widespread cell proliferation [45]. Proliferation also 
occurs in the midgut of stingless adult bees, although at a lower 
rate than reported for honey bees. [46] . Proliferative cells (Figure 1) 
continuously replace the columnar and goblet cells that form the 
flinctional epithelium [47,48,49]. The proliferative activity of the 
intestinal stem cells (ISCs) varies with age and social function and 
responds dynamically to high digestive activity [45,50]. The 
proliferation rate of the ISCs could therefore be a sensitive 
indicator of sublethal effects of ingested xenobiotics in the honey 
bee. On the one hand, toxic effects may increase the rate of 
proliferation by increasing the demand for cellular replacement. If 
replicative capacity of the ISCs is unable to compensate, epithehal 
function may be compromised and lifespan may be shortened. On 
the other hand, toxins may directly damage the ISCs, directly 
resulting in a decreased proliferation rate which may also 
compromise epithelial function and shorten lifespan. 

We have examined the impact of a number of pesticides and 
other xenobiotics on ISC proliferation in honey bees. To 
investigate this potential mode of xenobiotic action, we used 
relatively high doses in a controlled cage environment. We 
concomitantly monitored survival but our focus was on the 
question of whether ISC proliferation is altered by sublethal 
exposure to common xenobiotics. 

Materials and Methods 

Experiment 1 

Ten xenobiotics were studied along with solvent controls 
(Table 1). We used colchicine, an inhibitor of mitosis [51], as a 
control to demonstrate that our method was sensitive enough to 
detect the inhibition of ISC proliferation by a xenobiotic [45] . The 
insect steroid 20-hydroxyecdysone was selected as a positive 
control because of previous reports of a positive effect of this 
hormone on ISC proliferation in other insect species [52]. The 
trials involved monitoring survival during continuous exposure to 
one concentration of each xenobiotic over seven days, followed by 
a standardized assessment of intestinal stem cell proliferation. The 
chosen concentrations either represented the maximum concen- 
trations reported from bee hives in the literature or, in the case of 
compounds typically applied to colonies by beekeepers, the 
maximum allowable dose per manufacturer instructions. 




Figure 1. Cross section of the honey bee midgut, showing the 
midgut epithelium consisting of discrete crypts. The perltrophic 
membrane is visible in the midgut lumen. In the midgut epithelium, 
BrdU-labeled nuclei are brown, indicating that DNA replication occurred 
during the 24 h exposure to the marker. An index of proliferative 
activity has been developed based on counting the number of labeled 
nuclei in 10 |im thick cross sections relative to the number of active 
crypts. This index can be used to rank proliferative activity in different 
samples and assess possible sublethal effects of ingested xenobiotics 
on the midgut epithelium. Sections are counterstained with hematox- 
ylin (in blue) to facilitate detection of crypts and other tissue features. 
doi:10.1371/journal.pone.0091180.g001 

Workers [Apis mdlifera L) from 4-10 hives maintained at the 
University of North Carolina at Greensboro bee yard were used. 
Colonies were maintained following standard practices without 
chemical disease control or artificial diets. Combs with ready-to- 
emerge workers were transferred to an incubator (complete dark 
cycle, 35°C, 60% rel. hum.) and collected from the combs upon 
emergence. Newly emerged bees were randomly assigned to 
treatment or control groups. Four groups of 25 bees per treatment 
were kept in separate Plexiglas feeding cages (10 cm x 7.5 cm 
xlO cm) in an incubator (complete dark cycle, 33°C, 60% rel. 
hum.), fed ad libitum queen candy (9:3:1, powdered sugar: water: 
honey), and provided with water. Dead bees were removed and 
counted from the cages daily. Although cage studies are widely 
used in honey bee research [53], they can be problematic [54] and 
have been reported to compromise the natural colonization of the 
gut by bacteria [55]. We preferred the controlled cage environ- 
ment for these initial studies because our goal was to link a known 
xenobiotic exposure to quantitative effects on ISC proliferation. 

All substances except tau-fluvalinate were mixed with the queen 
candy food for direct delivery to the midgut epithelium. Tau- 
fluvalinate was delivered via Apistan strips (Zoecon, USA), the 
form typically used by beekeepers. Two of the four tau-fluvalinate 
cages were terminated after three days instead of the planned 
seven day exposure to ensure that a sufficient number of living 
honey bees could be obtained for our studies of ISC proliferation. 
For all other treatments, living honey bees were collected from the 
cages after seven days for ISC proliferation assays. 

Experiment 2 

On the basis of the results of the first experiment only 
methoxyfenozide, tetracycline, and tau-fluvalinate were tested 
further in large scale studies, using three different dosages 
(Table 2). Because of the potential for synergistic effects [22], a 
combination of tau-fluvalinate and coumaphos was also tested. 
The experiment comprised eleven trials, each with its own water 
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Table 1. Xenobiotics tested in the first experiment for effects on the intestinal stem cell proliferation. 





Xcnobiotic 


Supplier 




Source for selecting concentrBtions 


Fumagillin 


Mann Lake Ltd 


2 mg/g 


Highest dose allowed per manufacturer guidelines 


Tau-fluvalinate* 


Mann Lake Ltd 


Permanent exposure 


Practical dosage under experimental conditions exceeds manufacturer 
guidelines 


Tetracycline 


Sigma- Aldrich 


3 mg/g 


[60] 


Imidacloprid 


Sigma-Aldrich 


500 ppb 


[16] 


Coumaphos 


Sigma-Aldrich 


5000 ppb 


[16] 


Chlorothalonil 


Fluka 


1000 ppb 


[16] 


Methoxyfenozide 


ChemSevice Inc. 


400 ppb 


[16] 


Colchicine 


Sigma-Aldrich 


5 mg/g 


[51] 


20-Hydroxyecdysone 


MP Chemicals 


200 ppb 


[68] 


DMSO 


Acros Chemical 


0.01 mg/g 


Control for imidacloprid 


Acetone 


Mallinckrodt Chemicals 


0.1 mg/g 


Control for methoxyfenozide, coumaphos, and chlorothalonil 


Isopropanol 


Fisher 


200 ppb 


Control for 20-hydroxyecdysone 


Water 


N/A 


N/A 


Control for tetracycline, colchicine, tau-fluvalinate, and fumagilin 



* Tau-fluvalinate was exposed to bees using the commercial Apistan strip. A half of one standard strip was placed in each cage for the indicated exposure time per day 
for 7 days. 

doi:l 0.1 371 /journal.pone.0091 1 SO.tOOl 



or acetone control groups to account for seasonal effects and the 
use of honey bees from different sources. As described, newly 
emerged bees were caged, housed in an incubator, and fed 
xenobiotics in food provided ad lihitum for seven days. In this study, 
food was provided as a 30% sucrose solution in liquid feeders. 
Two-four replicate cages were used per treatment, with 120-155 
bees housed per cage (same dimensions as in Experiment 1). 
Survival was monitored daily, and a subset of the surviving bees 
assayed for ISC proliferation after 7 days (see below). Fresh and 
dry weights of the head and thorax of random samples of 
additional bees from all treatments were determined to test for 
differences in food uptake. 

After the collection on day 7, the remaining honey bees were 
continued to be daily monitored for survival in their cages without 
xenobiotic exposure: They were provisioned with distilled water 
and sucrose solution. A second sample of honey bees of each 
treatment group was assayed for delayed treatment effects on ISC 
proliferation between ages 19-22 days, or earlier if mortality of the 
experimental cohort exceeded 90% before that age. 

ISC Proliferation Assay 

Following our previous methods [45,50], assessment of prolif- 
eration rate of intestinal stem cells relied on immunohistochemical 



labeling of the thymidine analog 5-bromo-2-deoxyuridine (BrdU) 
incorporated into newly synthesized DNA. Briefly, workers 
without signs of morbidity such as reduced mobility or respon- 
siveness to stimuli were selected for this assay. These individuals 
were fed 5 mg/ml BrdU (Life Technologies, CA) in queen candy 
ad lihitum for a 24-hour period. Shorter feeding periods were 
evaluated in a pilot study with newly emerged workers (Figure 2), 
and a 24-hour period was selected for the actual experiments 
because this survival reliably produced a substantial number of 
labeled nuclei. 

Only individuals that appeared healthy after this feeding period 
were selected for analysis. Dissected midguts rinsed with saline 
were fixed in Carnoy's fixative for 24 hours and embedded in 
Paraplast (Thermo Fisher Scientific, MA) for sectioning (10 |J.m) 
using a HM315-Microm microtome (Thermo Fisher Scientific, 
MA). Sections were mounted on Superfrost Fisher plus microscope 
slides (Thermo Fisher Scientific, MA), dewaxed in xylene, 
rehydrated via a graded alcohol series, and permeabilized in 
phosphate-buffered saline containing 0.01% Triton X-100 deter- 
gent (PBS-T; Sigma-Aldrich, MO). Samples were denatured with 
2N hydrochloric acid, washed in phosphate-buffered saline (PBS), 
blocked with normal goat serum (Thermo Fisher Scientific, MA), 
and incubated with anti-BrdU antibody (Phoenix Flow Systems, 



Table 2. Summary of the second experiment testing different dosages of select xenobiotics for effects on intestinal stem cell 
proliferation. 



Xenobiotic Supplier Dosage 







Low 


Mid 


High 


Vlethoxyfenozide 


ChemSevice Inc. 


40 ppb 


400 ppb 


2000 ppb 


Tau-fluvalinate* 


Mann Lake Ltd 


3 minutes randomized 


3 minutes sequential 


15 minutes 


Tetracycline 


Sigma-Aldrich 


1 .2 ^g/g 


30 |jg/g 


60 ^ig/g 


Tau-fluvalinate* and 500 ppb Coumaphos 


Mann Lake Ltd Sigma-Aldrich 


3 minutes randomized 


3 minutes sequential 


15 minutes 



* Tau-fluvalinate was exposed to bees using the commercial Apistan strip. A full strip was placed in each cage for the indicated exposure time per day for 7 days. 
doi:l 0.1 371 /journal.pone.0091 1 80.t002 



PLOS ONE I www.plosone.org 



3 



March 2014 | Volume 9 | Issue 3 | e91180 



Xenobiotics and Honey Bee Intestinal Stem Cells 



7- 




4h 8h 12h 24h 
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Figure 2. TKie number of labeled nuclei in a single midgut 
cross-section is a function of duration of exposure to BrdU. This 
presumably reflects the number of cell cycle events that occur during 
the exposure. To control for this effect, a standardized 24 h duration of 
exposure to BrdU via feeding was used in the main experiments that 
assessed the effeas of xenobiotics on intestinal stem cell proliferation. 
The longer exposure time is also expected to increase the accuracy of 
ISC proliferation estimate, although the inter-individual variation 
among samples in this experiment was lower after 8 and 12 h. 
doi:1 0.1 371/journal.pone.0091 1 80.g002 

PRBIU) for 24 h at 4°C. After several washes in PBS-T and PBS, 
sections were incubated at room temperature for two liours with a 
peroxidase-conjugated anti-mouse secondary antibody (Jackson 
ImmunoResear[:h Laboratories, PA), washed again, and incubated 
with the chromogen diaminobenzidine (Sigma-AIdrich, MO). All 
nuclei containing DNA synthesized after ingestion of BrdU were 
labeled with a dark brown reaction product. Slides were 
counterstained for approximately five minutes using Gill hema- 
toxylin (Thermo Fisher Scientific, MA) followed by 0.1% sodium- 
bicarbonate solution for one minute. After dehydration in ethanol, 
the tissue was cleared with CitriSolv (Thermo Fisher Scientific, 
MA). Slides were coverslipped using Permount and viewed under 
a Nikon Eclipse E200 microscope. 

In the first experiment, all BrdU-labeled nuclei and active 
centers of proliferation (crypts) were counted in one randomly 
selected intact section per individual (Figure 1). An active crypt 
was defined as any containing one or more cells with a labeled 
nucleus. The average number of labeled nuclei per crypt visible in 
the selected section was calculated. In the second experiment, the 
labeled nuclei of 10-22 random crypts from multiple, arbitrarily 
selected intact cross sections were counted, and the average 
number of labeled nuclei per crypt was determined to reduce bias 
associated with analysis of a single section. Observers evaluated 
slides without knowledge of treatment group identity. 

Analyses 

In the initial screening experiment, differences in survival 
between xenobiotic exposed-groups and control groups were 
assessed by simple contingency analyses with Yates' correction 
because standard survival estimates and statistical comparisons 
could not be computed in groups with 100% survival until the end 
of the experiment. In the foUow-up experiments, survival was 
compared among the treatment and vehicle control groups by 
pairwise Kaplan-Meier analysis (log-rank tests), censoring any 
individuals that were sampled for quantification of their intestinal 



stem cell proliferation or weight determination. We separately 
assessed acute mortality (during xenobiotic exposure) and legacy 
mortahty (after xenobiotic exposure was terminated). Cages were 
treated as separate replicates in the overall evaluation of each 
experimental treatment. 

In tlu; first experiment, the effects of each xenobiotic on the 
number of labeled nuclei, active crypts, and number of labeled 
nuclei per crypt were assessed by simple ANOVAs. In the second 
experiment, the effet t of each xenobiotic on the number of labeled 
nuclei per crvpt was analyzed by ANOVA using age group (acute 
versus legacy eiTccts) as one ind("pendent fixed factor and 
treatment as the second factor. The treatment factor divided the 
samples into honey bees that were exposed to the three dilferent 
concentrations of each xenobiotic and the appropriate vehicle 
control. The overall analyses were followed by separate analyses of 
the two age groups in which interactions between treatment and 
age were indicated. Because of unequal variances among groups, 
post hoc comparisons among the different doses of a specific 
xenobiotic treatment were performed with Dunnett's T3 test. 

Results 

Experiment 1 

ISC proliferation was significantly affected by feeding on 
colchicine, tetracycline, and methoxyfenozide, but not by feeding 
on fumagilin, imidacloprid, coumaphos, chlorothalonU, or by 
fluvalinate treatment (Table 3). Compared with untreated 
controls, colchicine significantiy reduced the number of labeled 
nuclei per active crypt (2.8 versus 4.7). Workers that fed on 
tetracycline had fewer active crypts per section (32.8 versus 55.3), 
fewer labeled nuclei per section (55.9 versus 254.9), and fewer 
labeled nuclei per active crypt (1.7 versus 4.7). In contrast, 
methoxyfenozide significantly increased labeled nuclei per section 
(324.9 versus 251.5) and per crypt (5.3 versus 4.7), relative to 
controls (Figure 3). The survival of individuals across experimental 
groups was positively correlated with the average number of 
labeled nuclei per crypt (Pearson's Rp = 0.79, n= 13, p = 0.001). 
The proportion of surviving individuals varied among experimen- 
tal groups from 6.4% to 100%. None of the solvent controls 
affected honey bee sur\dval but survival was significantly reduced 
by the high experimental exposure to colchicine (x^= 154.7, 
p<0.001), tetracycline (x^= 169.2, p<0.001), fluvalinate (x^' = 
119.2, p<0.001), fumagillin (x^ = 76.4, p<0.001), imidacloprid 
(X^ = 20.9, p<0.001), and coumaphos (x^ = 6.4, p = 0.012) relative 
to their respective controls. 

Experiment 2 

The experimental groups did not difiFer significantly in fresh or 
dry weights of the head (I'*'^''''(9 379) = 1.4, p = 0.167, 
F'^(9 379) = 1 .2, p = 0.267) or dry weight of the thorax 
(F'''^(9 379) = 1.3, p = 0.218). In contrast, thorax fresh weight was 
significantiy affected (F'^'"'''(9 379) = 2.5, p = 0.010). Post hoc compar- 
isons revealed that a significantiy lower thorax weight was found in 
the acetone control group than in the water control and in the 
highest tetracycline dosage group. 

Xenobiotic feeding effects on the number of labeled nuclei per 
active crypt were variable (Figure 4). Tetracycline showed 
significant concentration (F(3 99) = 2.8, p = 0.042), age group 
(F(i,99)= 18.5, p<0.001), and interaction (F(3_99) = 2.9, p = 0.040) 
effects. Overall, sections contained more labeled nuclei directiy 
after termination of treatment than two weeks later. Differences 
among treatments were not significant in the young age group 
directiy after xenobiotic exposure (F(3^57) — 2.4, p = 0.081), but the 
highest dosage of tetracycline was associated with a significant 
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Figure 3. In the first experiment, 3 of the 1 2 xenobiotics tested 
had significant effects on the number of labeled nuclei per 
active crypt. While colchicine and tetracycline decreased the 
proliferation of ISCs, methoxyfenozide increased activity. Means are 
shown with 95% confidence intervals. 
doi:1 0.1 371 /journal.pone.0091 1 80.g003 

decline in the number of labeled nuclei per crypt compared with 
the control group in the older age group (F(3 42) = 3.5, p = 0.025). 
Analysis of the results of the methoxyfenozide experiment revealed 
a smaller number of labeled nuclei in older bees (F(i_7i) = 29.0, 
p<0.001), no overall effect of treatment (F(3ji)= 1.1, p = 0.349). 



Across all treatment groups, there was no significant relation 
between ISC proliferation directly after xenobiotic exposure and 
its measure at older ages (Rs = 0.02, n = 1 3, p = 0.943). The 
average ISC proliferation in the groups sampled at the older age 
was positively associated with survival after treatment (Rs = 0.67, 
n= 13, p = 0.013), while no association between ISC proliferation 
and survival at the younger age (during xenobiotic exposure) was 
found (Rs= -0.19, n= 15, p = 0.499). 

Mortality in the caged experimental cohorts was generally 
higher than in the first experiment with seven-day survival ranging 
from 44-68% and significant variation among cages of the same 
treatment groups, including control groups (see File SI). Overall, 
the acute mortality was different among treatment groups for 
tetracycline {% =10.1, p = 0.018; Figure 5a), methoxyfenozide 
(X^ = 8.8, p = 0.032; Figure 5b), fluvalinate (x^=18.7, p<0.001; 
Figure 5c), and the combination of fluvalinate and coumaphos 
(X = 38.9, p<0.001. Figure 5d). After Bonferroni correction, only 
the 3-minute fluvalinate treatment (x^ = 11-8, Pcorr = 0.002) and 
the 3-minute fluvalinate exposure combined with coumaphos 
(X^ = 31.0, p„,rr<0.001) increased mortality compared with the 
respective solvent controls. 

Overall legacy mortality after the treatment was different 
among experimental groups for tetracycline (x^ = 1 13.6, p<0.001; 
Figure 5a), fluvalinate (x^ = 27.3, p<0.001; Figure 5c), and the 
combination of fluvalinate and coumaphos (x^ = 114.4, p<0.001. 
Figure 5d). Treatments that significantly increased legacy mortal- 
ity relative to their respective controls were the medium (x = 32.5, 
Pcorr<0.001) and high (x^ = 33.7, pj.„rr<0.001) dose of tetracycline 



but a significant interaction between the two factors (F(3 7i)= 3.5, and the 3x1 min exposure of fluvalinate (x = 11.5, P(„rr = 0.002). 
p = 0.019). Analyzed separately, no significant effect of treatment 



was apparent in either age group (young: F( 
old: F, 



(3,37) - 



(3,34) = 2.5, p = 0.074; 
1.4, p = 0.250). Fluvalinate alone exhibited no overall 
age group (F(i9s) = 2.3, p = 0.129) or treatment (F(3,98)= 1.1, 
p = 0.371) effects but a significant interaction effect (F(2,98) = 3. 1, 
p = 0.048). Separate analyses did not reveal specific treatment 
effects in either age group (young: F(3 57) = 2.3, p = 0.087; old: 
F(2,4i) = 0.5, p = 0.616). Coumaphos and fluvalinate in combina- 
tion showed a significant treatment effect (F(3_5i5) = 6.8, p = 0.001), 
no age group effect (F(i 58)=3.1, p = 0.084), and a significant 
interaction between the two factors (F(2,.'58) = 4.0, p = 0.023). 
Treatment significantly affected the labeled nuclei per active crypt 
in the younger group (F(3,3o) = 7.8, p = 0.001), with the highest 
dosage significantly reducing the counts relative to the control and 
lowest dosage. In the older group, no significant treatment effect 
.0, p = 0.385). 



was found (F(2,28) 

Table 3. Xenobiotic feeding effects on ISC proliferation pooled across replicate cages 



Discussion 

This study demonstrated that select xenobiotics can decrease 
the proliferative rate of ISCs of adult worker honey bees. Reduced 
ISC proliferation represents a novel, possibly important effect of 
xenobiotics because the midgut epithelium provides the first line of 
defense against many pathogens, is responsible for nutrient uptake, 
and detoxifies many ingested toxins [39]. 

Most of the tested substances did not significantly affect ISC 
proliferation although they were directiy ingested and therefore 
must have come into close contact with the midgut epithelium of 
the studied honey bees. This finding contrasts with widespread 
pesticide effects on apoptosis in the midgut of honey bee larvae 
[37], suggesting that juvenile stages might be more susceptible to 
pesticides than adults. Only colchicine (included as a technical 





Xenobiotic 


Effect on # of labeled cells per cross-section 


Effect on # of crypts per cross-section 


Effect on # of labeled cells per crypt 


Fumagillin 


F„,,7) = 0.0, p = 0.936 


F(,,,7) = 0.0, p = 0.900 


F„,,7) = 0.4, p = 0.536 


Tau-fluvalinate 


F(i.3i) = 0.0, p = 0.946 


F(i,20) = 0.2, p = 0.626 


Fo,20)=l-8, p = 0.195 


Tetracycline 


F(i,i4) = 56.3, p<0.001 


F(i,i3)=17.7, p = 0.001 


F,i,i3| = 56.3, p<0.001 


Imidacloprld 


F„,i6) = 0.0, p = 0.983 


F„,16) = 0.0, p = 0.871 


F„,i6, = 0.0, p=0.967 


Coumaphos 


F(,,i9) = 0.6, p = 0.440 


F(,,,7, = 0.2, p = 0.678 


F„,,7) = 3.2, p = 0.091 


Chlorothalonil 


F(i,23) = 0.4, p = 0.544 


F(,,20) = 0.1. p = 0.725 


F(i,20) = 0.8, p= 0.384 


Methoxyfenozide 


F(i,2i)=6.9, p = 0.016 


F(1,20) = 3.4, p = 0.079 


F„jol = 4.4, p = 0.049 


Colchicine 


F(,,ii) = 4.2, p = 0.065 


F(i,9) = 0.4, p= 0.534 


F(i,,o] = 7.2, p = 0.025 


20-Hydroxyecdysone 


F„,20) = 0.3, p = 0.592 


F(i,i8)=13, p = 0.273 


F„,i8) = 0.3, p = 0.596 



'significant effects in bold. 

doi:l 0.1 371 /journal.pone.0091 1 80.t003 
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Figure 4. ISC proliferation, indicated by the number of BrdU-labeled nuclei per active crypt, was significantly decreased in older 
bees. The combination of coumaphos and fluvalinate reduced proliferation measured immediately after treatment, while tetracycline decreased 
proliferation only at older ages, over ten days after exposure to the xenoblotic had ended. 
doi:1 0.1 371/journal.pone.0091 1 80.g004 



control), tetracycline, methoxyfenozide, and a combination of 
fluvalinate and coumaphos showed effects on ISC proliferation. 
The eflects were moderate, dose-dependent, and inconsistent 
between experiments for methoxyfenozide. Our overall results 
indicate that the replication rate of ISCs is quite robust after 
ingestion of most xenobiotics under cage conditions. In contrast, 
in-hive studies have shown that ISC replication rates decrease in 
worker honey bees with age and reduced digestive activity [45,50]. 
Future experiments that better mimic hive conditions and field- 
relevant exposure le\cls \\ill l)e necessar)' to assess the threat of 
xenobiotics for intestinal health of honey bees. 

Xenobiotic-induced alteration of ISC proliferation may direcdy 
harm the affected worker honey bees, causing an increase in 
immediate or delayed mortality. Overall, our results suggest that 
reduced ISC proliferation is associated with mortality. Specifically 
in the second experiment, one of the coumaphos and fluvalinate 
combination treatments decreased ISC proliferation and sur\ i\ al 
during exposure; the high tetracycUne dosage exhibited delayed 
effects on both ISC proliferation and mortality. Under field 
conditions, these effects would result in smaller and/ or collapsed 
colonies due to increased mortality of adult workers. However, we 
cannot rule out that xenobiotic-induced alteration of ISC 
proliferation also occurs independently of increased mortality. 
Under field conditions such effects may increase individual disease 
susceptibility, for example to Nosema [7,56], and compromise the 
physiological capacity of nurse bees to produce sufficient brood 
food. Additional studies are needed to address these questions 
because exposures to sublethal levels of xenobiotics are likely to be 
more common than exposures to lethal levels [32,38] and 
sublethal effects are important but difficult to integrate into 
pesticide regulation [33,57]. 

In the first experiment, mortality in the cages was increased by 
several xenobiotics presented at high dosages. Therefore, we 
employed lower dosages in the second experiment and extended 



our mortality and ISC proliferation measurements to include 
potentially subfle long term effects on ISC proliferation. The 

sample sizes required for the additional long term analyses resulted 
in crowded cages and higher mortality, even in the untreated 
control cages. The increased mortality likely reflects a variety of 
factors, including poorer hygiene and competition for access to the 
feeder [53]. However, the determination of worker body weight at 
the end of the second experiment did not indicate significant 
differences in food intake between xenobiotic and control groups. 
We excluded all moribund individuals when assessing ISC 
proliferation but the concomitant assessment of potential mortaHty 
effects of the administered treatment is problematic, particularly 
because significant variation among replicate cages existed and 
effects on mortality were inconsistent when cages were analyzed 
separately (see File SI). Thus, we are reluctant to label any of the 
measured effects as lethal or sublethal, although mortality was 
increased by treatments that reduced ISC prolifi-ration. Similarly, 
the insecticides thiamethoxam, deltamethrin, and malathion have 
been shown to disrupt the integrity of the honey bee midgut at 
concentrations that increase mortality [44]. 

Tetracycline is widely used by beekeepers to combat Paenibcwillm 
larvae and Melissococcus plutonius, the bacterial agents of American 
and European foulbrood, respectively [58], but it is a general 
antibiotic with a wide range of target microorganisms [59]. 
Compared with controls, caged honey bees exposed to tetracycline 
exhibited lower ISC proliferation in both experiments. In the first 
experiment, a dosage that was 1 000-fold higher than that typically 
found in hives [60] significantly reduced ISC proliferation directiy 
after the seven days of treatment. In the second experiment a 50- 
fold reduced dosage, but not a 100-fold or 2500-fold reduced 
dosage, also reduced ISC proliferation in the long term. No short- 
term effects were observed for the lower dosages in the second 
experiment. Thus, exposure of honey bees to very high doses of 
tetracycline may result in acute deterioration of the gut physiology 
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Figure 5. Survival of worker cohorts under high-density cage conditions was lower than in the initial screening experiment and 
varied inconsistently among treatments. Different panels summarize cumulative survival of honey bee workers grouped from different cage 
replicates according to the tested xenobiotic: (a) tetracycline, (b) methoxyfenozide, (c) tau-fluvalinate, and (d) the combination of tau-fluvalinate and 
coumaphos. Acute mortality effects were measured during the first 7 days of exposure, while legacy mortality effects were measured on the days 
after treatment had ended. 
doi:1 0.1 371/journal.pone.0091 1 80.g005 



or compromise ISCs directly, while lower concentrations of 
tetracycline appear to produce a delayed effect. The delayed 
effect could be due to changes in the intestinal microbial 
community that can disrupt honey bee health [61,62]. Although 
we did not monitor the intestinal microbiome, our results could be 
explained by an interaction between the intestinal microbiome and 
the physiology of its honey bee host, similar to findings reported in 
Drosophila that linked the intestinal microbiome to stem cell 
proliferation [63]. 

The insect growth regulator methoxyfenozide has not been 
demonstrated to be harmful to adult honey bees [64], but this 
compound also accumulates in honey bee hives at significant 
concentrations [18]. The results of our first experiment suggested 
that methoxyfenozide may ha\ c physiological effects in honey bees 
by stimulating ISC proliferation. This observation is consistent 
with the role of methoxyfenozide as an ecdysteroid agonist in the 
insect midgut [52,65]. In contrast, direct feeding of 20-hydro- 
xyecdysone, did not affect ISC proliferation, which may reflect the 



efficient metabolic conversion of the natural hormone by the gut 
[66]. Under the crowded conditions of the second experiment, the 
increases in acute ISC proliferation produced by methoxyfenozide 
exposure were not significant, and at the older age the low 
exposure group actually showed a slightly lower number of labeled 
nuclei than the respective control bees. Thus, the effect of 
methoxyfenozide on the ISCs is subtle and might not have any 
health consequences, particularly when considering that the 
concentrations found in honey bee hives are typically lower than 
the tested concentrations [18]. 

Fluvalinate is used by beekeepers to control Varroa and tracheal 
mites. The high dosage of fluvalinate in the first experiment 
proved so toxic that we quantified ISC proliferation after three 
days, a time at which most of the exposed workers had already 
died. At this time no significant effect on ISC proliferation was 
apparent. In the second experiment we reduced the daily exposure 
to the fluvalinate strip by over 80-fold, resulting in lower mortality. 
No effect on ISC proliferation was found after 7 days of exposure 
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and 2 weeks after exposure was terminated. The second 
commonly used miticide, coumaphos, also did not show significant 
eflects on ISC proliferation in the first experiment despite a ver^' 
high dosage only found in rare cases under natural conditions 
[18,30]. However, the combination of coumaphos and fluvalinate 
significandy decreased short-term ISC proliferation. Concomi- 
tandy, this combination treatment decreased survivorship at all 
dosage levels relative to the corresponding fluvalinate-only 
treatments (log rank tests: 3x1 min: 15.0, p<0.001; 3 min: 
X^ = 3.9, p = 0.049; 15 min: x' = 5.9, p = 0.015). Thus, die 
mortality data and ISC proliferation rates indicate synergism 
between fluvalinate and coumaphos, which has been reported in 
other contexts [21,22]. The dosages used in the second experiment 
may be higher than average field exposure but they fall within the 
limits of concentrations measured in honey bee hives [18,67] and 
the findings may therefore be relevant for honey bee health. 
Coumaphos and flmalinate both target primarily the nervous 
system: Coumaphos, when converted to its metabolite txmmaphos 
oxon, inhibits the acetylcholinesterase enzyme and fluvalinate 
serves as an agonist of the voltage-gated sodium channel [22]. Our 
results may therefore be explained by effects on the neural control 
of the digestive system or changes in behavior that may have 
indirectly decreased ISC proliferation. However, we cannot rule 
out other, non-neural effects. The synergism between the two 
miticides may be due to inhibition of the detoxification mechanism 
[22]. 

We did not find support for the hypothesis that ISCs increase 
proliferation to compensate for xenobiotic damage to the midgut 
epithelium [37]. Instead, tetracycline and the combination of 
fluvalinate and coumaphos decreased ISC proliferation, suggesting 
direct or indirect effects that decrease ISC activity. The number of 
labeled nuclei per active crypt also declined with age in all control 
and treatment groups, except for the groups with the highest 

References 

1. Gallai N, Sallcs JM, Settele J, Vaissiere BE (2009) Economic valuation of the 
vulnerability of world agriculture confronted with pollinator decline. Ecological 
Economics 68: 810-821. 

2. Morse RA, Caldcronc N\V (2000) The value of honey bees as pollinators of U.S. 
crops in 2000. Brc Culture 128: I-l,x 

?>. vanEngrlsdorp D, Mcixncr MD (2010) A historical review of managed honey 
bee populations in Europe anel the United States and the factors that mav afieet 
them. Journal of Invertebrate Pathology lO.S: S80 S9,"). 

4. Ellis JD, Evans JD, Pettis JS (2010) Colony losses, managed colony population 
decline and colony collapse disorder in the United States. Journal of Apicultural 
Research 49: 134-136. 

5. vanEngelsdorp D, Speybroeck N, Evans JD, Nguyen BK, Mullin C, et al. (2010) 
Weighing risk factors associated with bee colony collapse disorder by 
classification and regression tree analysis. Journal of Economic Entomology 
103: 1517-1.")23. 

6. Neumann P, CJarreek NE (2010) Honey bee colony losses. Journal of Apicultural 
Research 19: 1 G. 

7. Pettis JS, vanEngelsdorp D, Johnson J, Dively G (2012) Pesticide exposure in 
honey bees results in increased levels of the gut pathogen Mosema. Naturwis- 
senschaften 99: 153-158. 

8. Boncristiani H, Underwood R, Schwarz R, Evans JD, Pettis J, et al. (2012) 
Direct effect of acaricides on pathogen loads and gene expression levels in honey 
bees Apis meiiifera. Journal of Insect Physiology 58; 613-620. 

9. vanEngelsdorp D, Evans JD, Saegerman C, Mullin C, Haubruge E, et al. (2009) 
Colony Collapse Disorder: A descriptive study. PLoS ONE 4: e6481. 

10. Nazzi F, Brown SP, Annoscia D, Del Piccolo F, Di Prisco G, et al. (2012) 
Synergistic parasite-pathogen interactions mediated by host immunity can drive 
the collapse of honeybee colonies. PEoS Pathog 8: el002735. 

11. Cox-Fostcr DE, Conlan S, Holmes EC, Palacios G, Evans JD, et al. (2007) A 
mctagcnomic survey of microbes in honey bee colony collapse disorder. Science 
318: 283-287. 

12. Gcnerseh E, von der Ohe W, Kaatz H, Schrocder A, Otten C, et al. (2010) The 
German bee monitoring project: a long term study to understand periodically 
high winter losses of honey bee colonies. Apidologie 41: 332—352. 

13. Alaux C, Ducloz F, Grauser D, Le Conte Y (2010) Diet effects on honeybee 
immunocompetence. Biology Letters 6: 562—565. 



exposure to fluvalinate. This finding confirms our earlier results 
that ISC proliferation declines with age in honey bees [45]. The 
age-related decline under natural conditions may reflect the fact 

that digestive demand is higher in young workers, which are 
typically nurse bees [45]. In our cage experiments, however, 
workers did not transition from nursing to foraging behavior. 
Thus, the age-related decline of ISC proliferation occurred 
independentiy of diet or behavioral changes, suggesting the 
possibility of intrinsic aging of the replicative capacity of ISCs. 

Supporting Information 

File SI Significant variability in mortality among 
separate cages was observed v>dtliin each treatment of 
the second experiment. This file details the mortality results 

with respect to the separate cages in each treatment. Due to 
unexplainable variation and the focus of our study on ISC 
proliferation, we omitted these details from the main text. 
(DOCX) 

Aclcnowledgments 

We thank Laura Willard,JeflFery Jackson, and Candice Harrison for their 
practical help with the project. In addition, we thank all members of the 
UNCG Social Insect lab and the North Carolina Honey Bee Research 
Consortium for the suggestions and encouragement. The comments of 
three anonymous reviewers and our editor helped to improve the quality of 
the manuscript. 

Author Contributions 

Conceived and designed the experiments: OR. Performed the experiments: 
CF LRD. Analyzed the data: CF SEF OR. Contributed reagents/ 
materials/analysis tools: SEF OR. Wrote the paper; CF SEF OR. 



14. Mattila HR, Otis GW (2006) Influence of poUen diet in spring on development 
of honey bee (Hymenoptera; Apidae) colonies. Journal of Economic Entomology 
99: 604-613. 

15. Wahl O, L^lm K (1983) Intluenee of pollen feeding and physiological condition 
on pesticide sensitivity of the honey bee Apis mellifem carniea. Oeeologia 59: 106- 
128. 

16. Johnson RM, Ellis MD, MuUin CA, Frazier M (2010) Pesticides and honey bee 
toxicity - USA. Apidologie 41: 312-331. 

17. Gill RJ, Ramos-Rodriguez O, Raine NE (2012) Combined pesticide exposure 
severely affects individual- and colony-level traits in bees. Nature 491: 105- 
U119. 

18. MuUin CA, Frazier M, Frazier JE, Ashcraft S, Simonds R, et al. (2010) High 
levels of miticides and agrochemieals in North American apiaries: Implications 
for honey bee health. PEoS One 5: e9754. 

19. Krupke (jH, Hunt (ij. Ijtzer BD, .^udino (i, Gixen K (2012) Multiple routes of 
pesticide exposure for honey bees living near agricultural fields. PLoS One 7: 
e29268. 

20. Hawthorne DJ, Dively GP (2011) Killing them with kindness? In-hive 
medications may inhibit xenobiotic efflux transporters and endanger honey 
bees. PLoS One 6. 

21. Johnson RM, Dahlgren L, Siegfiied BD, Effis MD (2013) Acaricide, fimgicide 
and drug interactions in honey bees [Apis meUiferd}. PLoS One 8; e54092. 

22. Johnson RM, PoUock MS, Berenbaum MR (2009) Synergistic interactions 
between in-hive miticides vaApis mellifera.Jovraal of Economic Entomology 102; 

474-479. 

23. Blacquiere 1', Smagghe G, van Gestel CAM, Mommaerts V (2012) 
Neonieotinoids in bees: a review on concentrations, side-elfeets and risk 
assessment. Eeoloxieolo^g)' 21: 973- 992. 

24. Chauzat MP, Faucon JP, Martcl AC, Eachaize J, Cougoule N, et al. (2006) A 
survey of pesticide residues in pollen loads coUected by honey bees in France. 
Journal of Economic Entomology 99: 253-262. 

25. Yang EC, Chang HC, Wu WY, Chen YW (2012) Impaired olfactory associative 
behavior of honeybee workers due to contamination of imidadoprid in the larval 
stage. PEoS One 7: e49472. 

26. Yang EC, Chuang YC, Chen YE, Chang EH (2008) Abnormal Foraging 
Behavior Induced by Sublethal Dosage of Imidadoprid in the Honey Bee 
(Hymenoptera; Apidae). Journal of Economic Entomology 101; 1743—1748. 



PLOS ONE I www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e91180 



Xenobiotics and Honey Bee Intestinal Stem Cells 



27. Hcnr\' M, Bcguin M, Rrquicr !■, RoUin O, Odouxjl', ct al. (2012) A common 
pesticide decreases foraging success and survival in honey bees. Science 336: 
348-350. 

28. Williamson SM, Wr^ht GA (2013) Exposure to multiple cholinergic pesticides 
impairs olfactory learning and memory in honeybees. Journal of Experimental 
Biology 216: 1799-1807. 

29. Smirlc MJ, Winston ML, Woodward KL (1984) Development of a sensitive 
bioassay for evaluating sublethal pesticide efiects on the honey bee (Hymenop- 
tcra, Apidac). Journal of Economic Entomology 77: 63—67. 

30. WuJY, Anelli CM, Sheppard \VS (201 1) Sub-lethal efiects of pesticide residues 
in brood comb on worker honey bee {Apis mellijerd) development and longevity. 
PLoS One 6: el4720. 

31. James RR, Xu J (2012) Mechanisms by which pesticides affect insect immunity. 
Journal of Invertebrate Pathology 109: 175-182. 

32. Pettis JS, richtenbcrg EM. Andree M, Stitzinger J, Rose R, et al. (2013) Crop 
pollination exposes honcv bees to pesticides which alters their susccptibilitv to 
the gut pathogen Nosema ceranae. PLoS One 8: e70182. 

33. Desncux N, Decourtye A, DelpuechJM (2007) The sublethal effects of pesticides 
on beneficial arthropods. Annual Review of Entomology 52: 81-106. 

34. Palmer MJ, Moffat C, Saranzewa N, Harvey J, Wright GA, et al. (2013) 
Cholinergic pesticides cause mushroom body neuronal inactivation in 
honeybees. Nat Commun 4: 1634. 

35. Heylen K, Gobin B, Arckens L, Huybrechts R, BiUen J (20 1 1) The effects of four 
crop protection products on the morphology and ultrastructure of the 
hypopharyngeal gland of the European honeybee, Apis mellijera. Apidologie 42: 
103-116.' 

36. Bendahou N, Fleche C, Bounias M (1999) Biological and biochemical effects of 
chronic exposure to very low levels of dietary cypermethrin (Cymbush) on 
honeybee colonies (Hymenoptera: Apidae). Ecotoxicology and Environmental 
Safety 44: 147-153. 

37. Gregorc A, Ellis JD (2011) Cell death localization in situ in laboratory reared 
honey bee {Apis mellifera L.) larvae treated with pesticides. Pesticide Biochemistry 
and Physiology 99: 200-207. 

38. Br>'den J, GiU RJ, Mitton KAA., Raine NE, Jansen VAA (2013) Chronic 
sublethal stress causes bee colony failure. Ecology Letters 16: 1463-1469. 

39. Johnson RM, Evans JD, Robinson GE, Berenbaum MR (2009) Changes in 
transcript abundance relating to colony collapse disorder in honey bees (Apis 
mellifera). Proc Nad Acad Sci U S A 106: 14790-14795. 

40. Han P, Niu CY, Biondi A, Desneux N (2012) Does transgenic CrylAc+CpTI 
cotton pollen affect hypopharyngeal gland development and midgut proteolytic 
enzyme activity in the honey bee Apis mellifera L. (Hymenoptera, Apidae)? 
Ecotoxicology 21: 2214-2221. 

41. Higes M, Meana A, Bartolome C, Botias C, Martin-Hernandez R (2013) Mosema 
ceranae (Microsporidia), a controversial 21st century honey bee pathogen. 
Environmental Microbiology Reports 5: 17-29. 

42. Mao WF, Schuler MA, Berenbaum MR (20 1 1) CYP9Q;mediated detoxification 
of acaricides in the honey bee (Apis mellifera). Proceedings of the National 
Academy of Sciences of the United States of America 108: 12657-12662. 

43. Vachon V, Laprade R, Schwartz JL (2012) Current models of the mode of 
action of Bacillus thuringiensis insecticidal crystal proteins: A critical review. 
Journal of Invertebrate Pathology 111: 1—12. 

44. Kakamand EAK, Mahmoud TT, Amin ABM (2008) The role of tiiree 
insecticides in disturbance the midgut tissue in honeybee Apis mellifera L, workers. 
Journal of Dohuk University 11: 144—151. 

45. Ward KN, Coleman J, CHttin K, Fahrbach SE, RueppeU O (2008) Age, caste, 
and behavior determine the replicative activity of intestinal stem cells in 
honeybees {Apis mellifera L.). Exp Gerontol 43: 430-^37. 

46. Femandes KM, Araujo VA, SerraoJE, Martins GF, Campos LAO, et al. (2010) 
Quantitative analysis of the digestive and regenerative cells of the midgut of 
Melipona qiuidrifasciata anthidioides (Hymenoptera: Apidae). Sociobiology 56: 489- 
505. 

47. Ohlstein B, Spradling A (2006) The adult Drosophila posterior midgut is 
maintained by pluripotent stem cells. Nature 439: 470—474. 



48. Hakim RS, Baldwin K, Smagghe Q (2010) Regulation of midgut growth, 
development, and metamorphosis. Annual Review of Entomology 55: 593—608. 

49. Snodgraiss RE (1956) Anatomy of the Honey Bee. Ithaca, NY: Comstock 
Publishing Associates. 334 p. 

50. Willard LE, Hayes AM, Wallrichs MA, RueppeU O (20 1 1) Food manipulation in 
honeybees induces physiological responses at the individual and colony level. 
Apidologie 42: 508-518. 

51. Sullivan JT, Castro L (2005) Mitotic arrest and toxicity in Biomphalaria glahrata 
(MoUusca: Pulmonata) exposed to colchicine. Journal of Invertebrate Pathology 
90: 32-38. 

52. Smagghe G, Vanhassel W, Moercmans C, Dc Wilde D, Goto S, et al. (2005) 
Stimulation of midgut stem cell proliferation and differentiation by insect 
hormones and peptides. Trends in Comparative Endocrinology and Neurobi- 
ology 1040: 472-475. 

53. Williams GR, Alaux C, Costa C, Csaki T, Doublet V, et al. (2013) Standard 
methods for maintaining adult Apis mellfera in cages under in vitro laboratory 
conditions. Journal of Apicultural Research 52. 

54. Rinderer TE, Danka RG, Stelzer JA (2012) Seasonal inconsistencies in the 
relationship between honey bee longevity in field colonies and laboratory cages. 
Journal of Apicultural Research 51: 218-219. 

55. Martinson MovJ, Moran NA (2012) Establishment of characteristic gut 
bacteria during development of the honeybee worker. Applied and Environ- 
mental Microbiology 78: 2830-2840. 

56. WuJY, Smart MD, AneUi CM, Sheppard WS (2012) Honey bees {Apis mellifera) 
re£U"ed in brood combs containing high levels of pesticide residues exhibit 
increased susceptibility to Nosema (Microsporidia) infection. Joumail of Inverte- 
brate Patiiology 109: 326-329. 

57. Decourtye A, Henry M, Desneux N (2013) Environment: Overhaul pesticide 
testing on bees. Nature 497: 188. 

58. Martrl AC, Zrggane S, Drajnudel P, Paucon JP, Aubert M (2006) Tetracycline 
residues in honey after hive treatment. Pood Additives and Contaminants 23: 
265-273. 

59. Chopra I, Roberts M (2001) Tetracycline antibiotics: Mode of action, 
applications, molecular biology, and epidemiology of bacterial resistance. 
Microbiology and Molecular Biology Reviews 65: 232-260. 

60. Thompson HM, Waite RJ, Wilkins S, Brown MA, Bigwood T, et al. (2005) 
Effects of European foulbrood treatment regime on oxytetracycline levels in 
honey extracted from treated honeybee [Apis mellifera) colonies and toxicity to 
brood. Pood Additives and Contaminants 22: 573—578. 

61. Rada V, Machova M, HukJ, Marounek M, Duskova D (1997) Microflora in tiie 
honeybee digesti\'e tract: counts, characteristics and sensitivity to veterinary 
drugs. Apidologie 28: 357-365. 

62. GilfiEun M (1997) Identification and roles of non-pathogenic microflora 
associated with honey bees. Fems Microbiology Letters 155: 1-10. 

63. Buchon N, Broderick NA, Chakrabarti S, Lemaitre B (2009) Invasive and 
indigenous microbiota impact intestinal stem cell activity through multiple 
pathways in Drosophila. Genes Dev 23: 2333—2344. 

64. Carlson GR, Dhadialla I S, Hunter R, Jansson RK, Jany CS, et al. (2001) The 
chemical and biological properties of methoxyfenozide, a new insecticidal 
ecdysteroid agonist. Pest Management Science 57: 1 15-1 19. 

65. Ninov N, Manjon C, Martin-Blanco E (2009) Dynamic control of cell cycle and 
growth coupling by ecdysone, EGFR, and PI3K signaling in Drosophila 
histoblasts. PLoS Biol 7: el000079. 

66. Feyereisen R, Lagueux M, Hoffmann JA (1976) Dynamics of ecdysone 
metabolism after ingestion and injection in Locusta migratoria. General and 
Comparative Endocrinology 29: 319-327. 

67. Berry JA, Hood WM, Pietravalle S, Delaplane KS (2013) Field-level subletiial 
effects of approved bee hive chemicals on honey bees {Apis mellifera L). PLoS One 
8: e76536. 

68. Rharrabe K, Bouayad N, Sayah P (2009) Effects of ingested 2 0-hydroxy ecdysone 
on development and midgut epithelial cells of Plodia interpunctella (Lepidoptera, 
Pyralidae). Pesticide Biochemistry and Physiology 93: 112—119. 



PLOS ONE I www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e91180 



